The effective device photo current of organic tandem solar cells is independent of the angle of light incidence up to 65°. This feature renders these devices particularly suitable for stationary applications where they receive mainly indirect light. In a combined experimental and simulative study, we develop a fundamental understanding of the causal absorption and charge generation mechanisms in organic homo-tandem solar cells. A 3-terminal tandem device architecture is used to measure the optoelectronic properties of both subcells individually. The analysis of the angle dependent external quantum efficiencies of the subcells and the tandem device reveal an internal balancing of the wavelength dependent subcell currents elucidating the low sensitivity of the tandem device properties on the angle of incidence. 
Introduction
The exceptionally good absorption of diffuse light is one of the most promoted properties of organic solar cells, giving advantage over other mature photovoltaic technologies [1, 2] . In case of facade or window integration, which are commonly considered key applications for organic photovoltaics, sun tracking is impossible, rendering the angle-dependent light absorption properties of solar cells very important. As the field of organic photovoltaics progresses, new concepts for yielding higher power conversion efficiencies (PCEs) are developed. A promising concept to increase the PCE of organic solar cells is the tandem device architecture that incorporates two monolithically stacked and electrically interconnected solar cells [3] [4] [5] [6] [7] . By incorporating two spectrally complementary absorbers into the tandem device, a better coverage of the solar spectrum can be achieved. Utilizing twice the same absorber (homo-tandem solar cell) can compensate moderate optical densities of absorbers, account for moderate charge carrier mobilities by reducing the active layer thickness, or reduce the device current while providing higher device voltages [8, 9] . The latter is particularly beneficial for large-area solar modules where the lateral series resistance of electrodes requires special attention. Organic homo-tandem solar cells with PCEs exceeding 10% have been reported in the literature [10] [11] [12] . So far, the maximum PCE in tandem solar cells has been achieved when the photo currents of both subcells have been matched, although, in non-matched devices, the stronger subcell may assist the weaker subcell with the extraction of charges [13] . The matching of photo currents very much depends on the optical field in the tandem device and hence the charge carrier generation profile [14, 15] . Organic tandem devices comprise several thin layers with thicknesses on the order of the wavelength of the incident sunlight. Hence, the optical field distribution within the layer stack and, consequently, the charge carrier generation profile are dominated by thin-film interferences which depend on the thicknesses and the complex refractive indices of the various layers [16] [17] [18] . As a consequence, intuitively, one would expect a strong susceptibility of the tandem solar cells' photo currents to the angle of light incidence due to its advanced thin-film device architecture [2, 19] . Surprisingly, in organic tandem solar cells comprising molecular absorber layers, the photo current generation was reported to be angle-independent, with the question remaining why the integrated absorption profiles of the subcells are mostly unaffected by the angle of illumination [20] . In this work, we develop a detailed understanding of the spectral photo-generation of charge carriers in the subscells of polymer homo-tandem solar cells by combining simulation and experiment. For the latter, we fabricated organic tandem solar cells that employ a recombination zone from poly(3,4-ethylenedioxythiophene):polystyrene sulfonate and zinc oxide (PEDOT:PSS/ZnO), according to the inverted device architecture depicted in Fig. 1(a) . As a special feature, the tandem solar cells are designed to equally operate in 2-terminal and 3-terminal mode, i.e., they comprise an intermediate transparent electrode to enable separate characterization of the subcells and hence to yield a better understanding of the absorption within the device. This intermediate transparent electrode was realized by utilizing highly conductive PEDOT:PSS [21] . 
Results and discussion
The 3-terminal architecture enables both the characterization of the tandem solar cell in the common 2-terminal mode by measuring the J-V curve between the outer electrodes and the characterization of the individual subcells by utilizing the intermediate contact (3-terminal mode). A typical 3-terminal tandem device exhibits a short circuit current density J SC = 7.5 mA/cm 2 and a fill factor of FF = 65% when measured in 2-terminal mode under normal light incidence. The open circuit voltages of the subcells add up to V OC = 1430 mV, resulting in an overall PCE = 7%. Figure 1 (b) depicts the normalized photo current density of a typical 3-terminal tandem solar cell measured in 2-terminal mode versus the angle of light incidence (dashed line). To account for the change of the effective area under angular illumination, we henceforth multiply the photo current densities with 1/cos(θ) (solid line) where θ represents the angle of incidence, i.e., the angle between the incident light and the sample surface normal. The curves are thus normalized to the reduced radiant flux density and represent an effective photo current density. For angles θ < 20°, the effective short circuit current density J* SC (θ) remains about constant. Interestingly, for angles 20° < θ < 60°, J* SC (θ) slightly increases as compared to the short circuit current density J* SC (0) at normal incidence. Again, this observation appears counterintuitive for tandem devices that strongly depend on current matching in the subcells. The current matching is coupled to the spatial absorption profile and hence the thinfilm interference patterns that in turn depend on the angle of incidence. To understand the optoelectronic origins of this widely angle-independent photo current generation of the tandem device, we characterized the tandem solar cell in 3-terminal mode by utilizing the transparent intermediate PEDOT:PSS electrode that gives access to the optoelectronic properties of the two subcells. In Fig. 2 , the dashed line and the dashed-dotted line represent the angle-dependent photo currents of the bottom and the top subcells measured between the intermediate PEDOT:PSS electrode and the respective outer electrode, in comparison to the photo current J* SC (θ) of the tandem device (solid line). Both subcells show the same dependence of J* SC on the angle of incidence θ with the bottom cell performing somewhat better than the top cell. We note that the subcell currents are slightly mismatched and that the excess of generated charge carriers in the bottom cell at all angles leads to an electric field across the top cell, assisting the extraction of charges from the top cell. Therefore, the tandem device is not limited by the weaker cell but rather delivers an intermediate photo current as described in literature before [22] . We note that we have deliberately chosen a layer architecture with mismatched subcell J* SC 's in order to show the universality of the approach as tandem solar cells in real-life applications will rarely exhibit matched photo currents due to frequent changes of the incident light spectrum in the course of a day. We found confirmation of our experimental results in optical simulations based on the transfer matrix method [23] . All optical simulations were performed under virtual AM1.5 illumination. The refractive indices of ITO, ZnO, PEDOT:PSS and PTB7:PC 71 BM were determined by spectroscopic ellipsometry. The complex refractive indices of MoO 3 and Ag were taken from literature [24, 25] .
The squares (bottom cell) and the triangles (top cell) in Fig. 2 show the angle dependent J* SC (θ) of the subcells obtained by optical simulation using an overall internal quantum efficiency (IQE) of 88% [26] to match the device short circuit current density. We note that a spectrally resolved simulation would require to take the wavelength dependent IQE into account (not required here) [27] . The shapes of the experimental and simulated results show very good agreement. Hence we conclude that both subcells and the tandem solar cell generate about constant J* SC (θ) for all angles θ up to 65°.The constant photo currents in the tandem device for θ < 65° are particularly surprising since a variation of the incident angle leads to changes of the optical path of the light within the device and the reflection and transmission properties at each interface. Thus, one would expect that the concomitant change of the optical field affects the subcell absorption. A better understanding of the subcell absorption can be gained from more detailed optical device simulations. Figure 3 illustrates the spatially resolved absorption profile throughout the 3-terminal device for angles of incidence θ up to 85°. The simulation results are exemplified for the incident light wavelengths λ 1 = 470 nm (Fig. 3(a) ) and λ 2 = 700 nm (Fig. 3(b) ) but can be discussed for any other wavelength likewise. For both wavelengths, at an angle of incidence θ = 0°, we find the first spatial absorption maximum (constructive interference) close to the metal anode and within the top absorber layer. Further away from the anode, in the bottom absorber layer, the 470 nm light has a spatial minimum (destructive interference) while the 700 nm light shows a second maximum. Fig. 3 . Spatially resolved absorption profiles of the 3-terminal devices for angles of incidence up to 85° for (a) 470 nm and (b) 700 nm incident wavelengths. While the optical field in the top cell is almost unaffected by the angle of incidence, we observe a significant shift of the absorption profile away from the anode in the bottom subcell. For 700 nm the shift of the maxima inside the absorber layer is more pronounced than for 470 nm, which leads to a blue shift of the absorption and hence the EQE. The angle dependent absorption of the two subcells is in good agreement with the measured EQEs.
Upon increasing the angle of incidence θ, all maxima and minima are successively shifted away from the anode. Whereas this effect is less significant in the top subcell, it becomes more pronounced in the bottom subcell due to the longer distance from the metal electrode. We therefore expect a wavelength dependent modulation of the subcell EQE, being more prominent in the bottom subcell than in the top subcell. Accordingly, we experimentally investigated the angle dependent EQEs of both subcells to study the influence of the angle of incidence on the subcell properties and the angle dependent photo current generation in the tandem device. As depicted in Fig. 4(a) , under normal incidence (θ = 0°), the EQE of the PTB7:PC 71 BM top cell exhibits absorption peaks at 450 nm (PC 71 BM) as well as 670 nm and 720 nm (PTB7). Towards small increasing angles of incidence θ, the EQE does not show any significant changes. For intermediate angles (θ ≈50°), the absorption peaks broaden, thereby slightly increasing the total absorption of the device which is in excellent accordance with the observed J* SC (θ) increase in the top cell. We note that for technical reasons, we did not use any white bias light for the angle dependent EQE measurement, which results in a slight overestimation of the EQE and the calculated J* SC (θ), respectively, but does not change the interpretation of the results [18] . For high angles of incidence θ, we find an almost flat EQE spectrum. This flattening of the EQE can be attributed to a longer propagation path of the incident light through the absorber layer and therefore a more homogeneous absorption of light throughout the visible spectrum. The overall reduction of the EQE towards higher θ originates from enhanced reflection at the device surface for grazing light incidence. For the bottom solar cell, we observe a similar broadening of the EQE spectrum towards increasing angles of incidence θ in Fig. 4(b) . Due to the longer distance from the metal electrode and hence a more pronounced spatial shift of the thin-film interferences in the absorber layer towards higher angles of incidence, we observe a stronger spectral modulation of the EQE. In contrast to the top cell, the EQE of the bottom cell decreases in the long-wavelength regime, while the EQE in the short-wavelength regime is increased, both nicely reflecting the simulated shift of interference peaks as discussed above and depicted in Fig. 3 . However, the J* SC (θ) of the subcells and the tandem devices is hardly affected by this EQE modulation: as depicted in the insets of Figs. 4(a) and 4(b), integration of the EQE yields the same J* SC (θ) profile as compared to the direct measurement of the subcells' J* SC (θ) via the intermediate electrode.
In order to demonstrate the portability of all considerations presented herein to the more common 2-terminal device architecture without a conductive intermediate contact, we also fabricated 2-terminal homo-tandem solar cells with equal optoelectronic properties, where the 80 nm PEDOT:PSS layer in the recombination zone was entirely fabricated from nonconductive m-PEDOT:PSS. The respective J-V curves are congruent and all key performance data are equal. Moreover, as depicted in Fig. 2 , the angle dependent J* SC (θ) of this 2-terminal device (dotted line) and the 3-terminal tandem solar cell (solid line) match well within the measurement certainty. We note that we have observed similar angle-dependency of the photo currents in various other homo-and hetero-tandem solar cells (data not shown here).
In conclusion, the about constant effective photo current of organic homo-tandem solar cells under illumination at angles of incidence up to 65° can be attributed to a shift of the wavelength dependent charge carrier generation profile. Although the charge carrier generation profile depends on the wavelength of the incident light under oblique angles, the integrated number of photo-generated charges remains constant due to the mutual compensation of charges generated at different wavelengths and the field-assisted extraction of charges from the weaker subcell by the charge carrier excess generated by the stronger subcell. This property renders organic tandem solar cells suitable to harvest indirect sunlight or oblique direct sunlight in stationary applications, equally to their single-junction counterparts.
itself, comprises two sublayers with different functionality. To access the individual subcells of the homo tandem device, the first 40 nm sublayer was deposited from conductive PEDOT:PSS (c-PEDOT:PSS, Clevios FHC Solar, Heraeus) which acts as a conductive intermediate contact. The second 40 nm sublayer (Clevios HTL Solar, Heraeus) was modified (m-PEDOT:PSS) by sodium polystyrene sulfonate (SPS 100 g/L H 2 O, 4 vol%) to provide a solvent barrier and hence protection of the bottom cell during the application of the top solar cell [28] . 10 nm molybdenum oxide (MoO 3 , Sigma Aldrich) and a silver (Ag) back contact (100 nm) were thermally evaporated on top of the device. The cross-section of all electrodes defined the photo-active area of the solar cell (A active = 10.5 mm 2 ). All devices were characterized under AM1.5G illumination (100 mW/cm 2 ) from a spectrally monitored Oriel 300 W solar simulator. Current density-voltage (J-V) curves were recorded with a Keithley 238 source measure unit. External quantum efficiency (EQE) measurements were performed on an in-house built system comprising a xenon lamp, a LOT-Oriel Omni Lambda 300 monochromator, an Anfatec eLockIn 204/2 and a calibrated photodiode from Thorlabs [22] . For the angle dependent measurements, a modified PI-Instruments rotation stage (C-863.11 Mercury) was used.
